Currently, thirty-four samarium, thirty-four europium, thirty-one gadolinium, and thirty-one terbium isotopes have been observed and the discovery of these isotopes is discussed here. For each isotope a brief synopsis of the first refereed publication, including the production and identification method, is presented.
Introduction
The discovery of samarium, europium, gadolinium, and terbium isotopes is discussed as part of the series summarizing the discovery of isotopes, beginning with the cerium isotopes in 2009 [1] . Guidelines for assigning credit for discovery are (1) clear identification, either through decay-curves and relationships to other known isotopes, particle or γ-ray spectra, or unique mass and Z-identification, and (2) publication of the discovery in a refereed journal. The authors and year of the first publication, the laboratory where the isotopes were produced as well as the production and identification methods are discussed. When appropriate, references to conference proceedings, internal reports, and theses are included. When a discovery includes a half-life measurement the measured value is compared to the currently adopted value taken from the NUBASE evaluation [2] which is based on the ENSDF database [3] . In cases where the reported half-life differed significantly from the adopted half-life (up to approximately a factor of two), we searched the subsequent literature for indications that the measurement was erroneous. If that was not the case we credited the authors with the discovery in spite of the inaccurate half-life. All reported half-lives inconsistent with the presently adopted half-life for the ground state were compared to isomers half-lives and accepted as discoveries if appropriate following the criterium described above.
The first criterium excludes measurements of half-lives of a given element without mass identification. This affects mostly isotopes first observed in fission where decay curves of chemically separated elements were measured without the capability to determine their mass. Also the four-parameter measurements (see, for example, Ref. [4] ) were, in general, not considered because the mass identification was only ±1 mass unit.
The second criterium affects especially the isotopes studied within the Manhattan Project. Although an overview of the results was published in 1946 [5] , most of the papers were only published in the Plutonium Project Records of the Manhattan Project Technical Series, Vol. 9A, "Radiochemistry and the Fission Products," in three books by Wiley in 1951 [6] . We considered this first unclassified publication to be equivalent to a refereed paper.
The initial literature search was performed using the databases ENSDF [3] and NSR [7] of the National Nuclear Data Center at Brookhaven National Laboratory. These databases are complete and reliable back to the early 1960's. For earlier references, several editions of the Table of Isotopes were used [8] [9] [10] [11] [12] [13] . A good reference for the discovery of the stable isotopes was the second edition of Aston's book "Mass Spectra and Isotopes" [14] .
Discovery of 129−162 Sm
Thiry-four samarium isotopes from A = 129-162 have been discovered so far; these include 7 stable, 17 neutrondeficient and 10 neutron-rich isotopes. According to the HFB-14 model [15] , on the neutron-rich side the bound isotopes should reach at least up to 202 Sm while on the neutron deficient side four more isotopes should be particle stable ( 125−128 Sm). Six additional isotopes ( 119−124 Sm) could still have half-lives longer than 10 −9 ns [16] . Thus, about 50
isotopes have yet to be discovered corresponding to 60% of all possible samarium isotopes. Figure 1 summarizes the year of discovery for all samarium isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive samarium isotopes were produced using fusion evaporation reactions (FE), light-particle reactions (LP), neutron induced fission (NF), charged-particle induced fission (CPF), spontaneous fission (SF), neutron capture (NC), photo-nuclear reactions (PN), and spallation (SP). The stable isotope was identified using mass spectroscopy (MS). Light particles also include neutrons produced by accelerators. The discovery of each samarium isotope is discussed in detail and a summary is presented in Table 1 .
Sm
Xu et al. first identified 129 Sm in 1999 and reported the results in "New β-delayed proton precursors in the rareearth region near the proton drip line" [17] . A 165 MeV 36 Ar beam was accelerated with the Lanzhou sector-focused cyclotron and bombarded an enriched 96 Ru target. Proton-γ coincidences were measured in combination with a He-jet type transport system. "A 134-keV γ line found in the proton coincident γ(x)-ray spectrum in the 36 Ar+ 96 Ru reaction was assigned to the γ-ray transition between the lowest-energy 2 + state and 0 + ground state in the 'daughter' nucleus 
target and
The quoted half-life of 40(5) s in agreement with the currently accepted value of 47(2) s. The paper was submitted in October 1980 and between submission and publication two independent measurements of the 136 Sm half-life were reported [23, 24] .
Sm
Redon et al. described the first observation of 137 Sm in the 1986 paper "Exotic neutron-deficient nuclei near N=82" [25] . Enriched 106 Cd targets were bombarded with a 191 MeV 35 Cl beam from the Grenoble SARA accelerator and 137 Sm was formed in the fusion evaporation residue reaction 106 Cd( 35 Cl,3p1n). The residues were separated with an on-line mass separator and a He-jet system. X-ray and γ-ray spectra were measured. "A number of γ-rays with T 1/2 =45±4 s were observed in the 35 Cl + 106 Cd reaction products. That confirms the result of Westgaard et al. on a (44±8)s activity obtained with a 600 Mev proton beam bombarding a molten Gd-La target." This half-life agrees with the currently accepted value of 45(1) s. The previous work by Westgaard et al. mentioned in the quote was only published in a conference proceeding [26] .
138 Sm "Very neutron deficient isotopes of samarium and europium" by Nowicki et al. reported the observation of 138 Sm [22] . An enriched 112 Sn target was bombarded with a 190 MeV 32 S beam from the Dubna U-300 cyclotron. The reaction products were identified with the on-line BEMS-2 mass separator and by measuring X-and γ-rays. The observation of 138 Sm is not discussed in detail and the measured half-life of 3.0(3) min is only listed in a table. This half-life agrees with the presently adopted values of 3.1(2) min. Nowicki et al. did not consider their observation a new discovery quoting a previous measurement by Westgaard et al. However, these results were only published in a conference proceeding [26] . Figure 2 summarizes the year of discovery for all europium isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive europium isotopes were produced using fusion evaporation reactions (FE), light-particle reactions (LP), neutron induced fission (NF), charged-particle induced fission (CPF), spontaneous fission (SF), neutron capture (NC), photo-nuclear reactions (PN), and spallation (SP). The stable isotopes were identified using mass spectroscopy (MS). Light particles also include neutrons produced by accelerators. In the following, the discovery of each europium isotope is discussed in detail. "A peak is clearly visible around ∼1 MeV containing six events, with no background. The events are too short lived to be β related, and are too low in energy to be from an α decay. The peak is assigned to the new proton emitter 130 Eu."
The observed half-life of 900
+490
−290 µs is in agreement with the currently accepted value of 1.1(5) ms. Preliminary results had been published in a conference proceeding [56] . 131 
Eu

Davids et al. observed
131 Eu in 1998 and published their results in "Proton radioactivity from highly deformed nuclei" [57] . Analyzer and implanted in a double-sided silicon strip detector where subsequent protons were recorded. "A peak clearly visible at an energy of 950 (8) keV (also calibrated using the 147 Tm ground-state proton decay line) which we assign to the proton decay of 131 Eu, produced with a cross section σ ∼ 90 nb." The observed half-life of 26 (6) Nd, and natural praseodymium targets. Gamma-and beta-rays were measured at the end of a pneumatic transport system. "Similarly an 11/2 − → 11/2 − branch of more than 50% is proposed for the decay of 139 Eu, an isotope previously known only through its 112-keV transition." The 22 s half-life noted in a level scheme is consistent with the currently accepted value of 17.9(6) s. The previous observation of the 112 keV transition mentioned in the quote and a half-life of 22(3) s was only published in a conference proceeding [26] . results were only published in a conference proceeding [26] . The 20 Tantalum targets were bombarded with 660 MeV protons and conversion electron spectra of the chemically separated spallation products were measured. "In investigating the gadolinium fraction, we found that after the decay of Gd
147
and Gd 149 there remained in the conversion spectrum lines corresponding to transitions of the above mentioned energies.
The intensities of these lines fell off with a like period (∼100 days). Apparently, our gadolinium fraction contained the parent of the europium activity under study. Eu was observed by Butement in 1950 as reported in "New radioactive isotopes produced by nuclear photodisintegration" [36] . 150 Eu was produced through irradiation of europium oxide by 23 MeV x-rays from a synchrotron in the photonuclear reaction 151 Eu(γ,n) and chemically separated from other resultant isotopes [72] . In the original paper [36] a probable assignment was only given in a table. More details were reported in the subsequent publication [72] :
"The activity showed a nearly logarithmic decay with an apparent half-life of 12 hours. Such a decay, resulting from two slightly different half-lives, is difficult to resolve accurately unless one component is known. 
Discovery of 135−166 Gd
Thirty-one gadolinium isotopes from A = 135-166 have been discovered so far; these include 7 stable, 17 neutrondeficient and 7 neutron-rich isotopes. According to the HFB-14 model [15] , 209 Gd should be the last odd-even particle stable neutron-rich nucleus while the even-even particle stable neutron-rich nuclei should continue through 218 Gd. At the proton drip line six more particle stable isotopes are predicted ( 130−134 Gd, 136 Gd). In addition, five more isotopes ( 125−129 Gd) could possibly still have half-lives longer than 10 −9 ns [16] . Thus, about 59 isotopes have yet to be discovered corresponding to 66% of all possible gadolinium isotopes. Figure 3 summarizes the year of discovery for all gadolinium isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive gadolinium isotopes were produced using fusion evaporation reactions (FE), light-particle reactions (LP), charged-particle induced fission (CPF), spontaneous fission (SF), neutron capture (NC), and spallation (SP). The stable isotope was identified using mass spectroscopy (MS). Light particles also include neutrons produced by accelerators. In the following, the discovery of each gadolinium isotope is discussed in detail.
Gd
Xu et al. published the observation of 135 Gd in the 1996 paper "New β-delayed proton precursor 135 Gd" [81] . An 
Rasmussen et al. observed
148 Gd in 1953 as described in the paper "Alpha-radioactivity in the 82-neutron region" [90] . Natural samarium and enriched 147 Sm was bombarded with 38 MeV α-particles and europium oxide was bombarded with 50 MeV protons. Resulting α-activities were measured with an ionization chamber following chemical separation.
"The mass assignment to 148 rather than to 147 seems more consistent with the long half-life (>35 years) of this activity, for the even-odd nucleide Gd 147 should have considerable energy available for electron capture decay and consequently a much shorter half-life than 35 years." The observed half-life limit of >35 years is consistent with the currently accepted value of 74.6(3) y.
Gd
Hoff et al. reported the observation of 149 Gd in the 1951 paper "Neutron deficient europium and gadolinium isotopes" in 1951 [67] . Natural samarium, enriched 147 Sm 2 O 3 and europium oxide targets were bombarded with α-particles and protons with energies between 28 and 36 MeV. Decay curves and absorption spectra were measured following chemical separation. "The gadolinium isotope, Gd 149 , has been observed as a product in a number of different bombardments.
Natural europium oxide was bombarded with protons in a stacked foil arrangement which produced a proton energy range from 32 Mev to 8 Mev. The Gd 149 was produced in largest yield with 28-to 32-Mev protons, and therefore, a (p,3n) reaction was assumed as the predominant mechanism in the production of this isotope.". The observed half-life of 9 (1) Gd was discovered by Dempster as described in the 1938 paper "The isotopic constitution of gadolinium, dysprosium, erbium and ytterbium" [94] . Gadolinium oxide reduced with neodymium metal was used for the analysis in the Chicago mass spectrograph. "A new isotope at mass 154 was observed on four photographs with exposures of ten to seventy minutes, and an isotope at 152 on two plates with seventy minutes exposure." Previously Aston had attributed a faint line at 152 to samarium contaminants [42] . Gadolinium, which emits mostly as GdO + , could have caused the line as could erbium or ytterbium emitting as Er + and Yb + . However, since gadolinium was a known impurity in the samarium sample and no erbium or ytterbium impurities could be detected, it was concluded that the 169 mass line was caused by a gadolinium isotope of mass 153." The quoted lower half-life limit of 72 d is consistent with the presently adopted value of 240.4(10) d.
sium, erbium and ytterbium" [94] . Gadolinium oxide reduced with neodymium metal was used for the analysis in the Chicago mass spectrograph. "A new isotope at mass 154 was observed on four photographs with exposures of ten to seventy minutes, and an isotope at 152 on two plates with seventy minutes exposure." Previously Aston had attributed a faint line at 154 to samarium contaminants [42] .
155−158 Gd
In the 1933 paper "Constitution of neodymium, samarium, europium, gadolinium and terbium" Aston reported the Gd was observed in 1949 by Butement published in the paper "Radioactive gadolinium and terbium isotopes" [95] . Natural gadolinium samples were irradiated with neutron in a pile. Gamma-and beta-ray activities were measured following chemical separation. "The value of σ for the 18 hr Gd shows that it cannot be an isomer of Gd 161 , and this activity is presumably, therefore, to be assigned to Gd 159 ." The measured half-life of 18.0(2) h agrees with the currently accepted value of 18.479 (4) h. Previously, a 20 h was reported without mass assignments [96] and a 18 h were reported without element or mass assignments and tentatively assigned to 161 Tb [93] .
160 Gd
In the 1933 paper "Constitution of neodymium, samarium, europium, gadolinium and terbium" Aston reported the first observation of 160 Gd [42] . Rare earth elements were measured with the Cavendish mass spectrograph. "Gadolinium (64) appears to consist of 155, 156, 157, 158, and 160. Faint effects at 152, 154, are probably due to the presence of samarium in the sample used."
161 Gd 161 Gd was observed in 1949 by Butement published in the paper "Radioactive gadolinium and terbium isotopes" [95] .
Natural gadolinium samples were irradiated with neutrons in a pile. Gamma-and beta-ray activities were measured following chemical separation. "The identity, within experimental error, of σ for the 218 sec. and the 6.75 d. activities suggests that they must be assigned as follows: Gd 163 Gd, has been identified which was produced in the spontaneous fission of 252 Cf. The half-life of this isotope was measured to be (68±3) s and eleven γ rays have been assigned to its decay. The assignment of this activity to 163 Gd is based on the presence of these γ rays in the gadolinium fraction, which was chemically separated from mixed fission products, and the observation of the growth and decay curve associated with γ rays from 19.5-min 163 Tb, the daughter activity." This half-life corresponds to the presently accepted value.
Gd
Greenwood et al. reported the discovery of 164 Gd in the 1988 paper "Identification of a new isotope, 164 Gd" [99] . [54] . 238 U targets were bombarded with 15.5 MeV protons from the JAERI tandem accelerator facility. 166 Gd was separated with a gas-jet coupled thermal ion source system in the JAERI-ISOL. Betaand X/gamma-rays were measured with a sandwich-type plastic scintillator and two Ge detectors, respectively. "Thus, it was found that these γ rays were attributed to the β − decay of 166 Gd. The half-life of 166 Gd was determined to be 4.8±1.0 s as a weighted average." This half-life corresponds to the presently adopted value.
Discovery of
135−168 Tb
Thirty-one terbium isotopes from A = 135-168 have been discovered so far; these include 1 stable 21 neutron-deficient and 9 neutron-rich isotopes. 135 Tb is the most proton-rich terbium isotope reported, however, the neighboring isotopes 136−138 Tb which are closer to stability have not yet been observed; they could be either bound or unbound with respect to proton emission. According to the HFB-14 model [15] , 216 Tb should be the last odd-odd particle stable neutron-rich nucleus while the odd-even particle stable neutron-rich nuclei should continue through 219 Tb. The proton dripline has most likely been reached with the observation that 135 Tb is a proton emitter. Three more isotopes ( 132−134 Tb) could possibly still have half-lives longer than 10 −9 ns [16] . Thus, about 56 isotopes have yet to be discovered corresponding to 65% of all possible promethium isotopes. Figure 4 summarizes the year of discovery for all terbium isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive terbium isotopes were produced using fusion evaporation reactions (FE), light-particle reactions (LP), charged-particle induced fission (CPF), spontaneous fission (SF), neutron capture (NC), photo-nuclear reactions (PN), and spallation (SP). The stable isotope were identified using mass spectroscopy (MS). Light particles also include neutrons produced by accelerators. In the following, the discovery of each terbium isotope is discussed in detail. very little background present. The energy is too low to be from an α-decay so we assign this to proton decay. The energy of the peak is found to be E p =1179(7) keV using the known ground-state proton decay of 147 Tm as a calibration.
This corresponds to a proton decay Q-value Q p =1188 (7) keV. The half-life of the peak is found to be t 1/2 =0.94
−0.22 ms using the method of maximum likelihood, and its production cross-section is ∼3 nb." This corresponds to the currently accepted half-life. ,1p2n ). X-rays and β-delayed γ-rays were measured in combination with a He-jet tape transport system. "In the γ spectrum gated by Gd-K α X rays two new γ rays with the energies of 109.0-and 119.7-keV were observed. Comparing the excitation functions of the two γ rays with that of the 328.4-keV γ ray, the most intense γ ray of 140 Tb, we assigned the 109.0-and 119.7-keV γ rays to the decay of 139 Tb."
The quoted half-life of 1.6(2) s corresponds to the presently adopted value. had reported a 3.9(1) h half-life without a mass assignment [124] .
161 Tb 161 Tb was observed in 1949 by Butement published in the paper "Radioactive gadolinium and terbium isotopes" [95] .
Natural gadolinium samples were irradiated with neutrons in a pile. Gamma-and beta-ray activities were measured following chemical separation. "The identity, within experimental error, of σ for the 218 sec. and the 6.75 d. activities suggests that they must be assigned as follows: Gd was not correct. A ∼8 min was mentioned earlier [126] referring to a paper "to be published". 
Summary
The discoveries of the known samarium, europium, gadolinium, and terbium isotopes have been compiled and the methods of their production discussed. While the identification of the even Z elements samarium and gadolinium was relatively easy, the identification of the odd Z elements europium and terbium proved difficult.
Only two samarium isotopes were at first incorrectly identified ( Table 1 
